Background-Limited research has compared the measures of summarizing international normalized ratio (INR) control over time. Measures that are more predictive of patient outcomes would be preferred as would those that are easier to calculate and understand. Methods and Results-We examined 676 patients who received long-term warfarin therapy to treat atrial fibrillation: 125 patients who experienced major hemorrhage and 551 matched controls who did not. Patient INR control was characterized using various measures, from simple (proportion of INR values in range) to complex (eg, area under the curve above target range, squared) measures. Conditional logistic regression was used to examine the ability of each measure to predict the outcome of clinically relevant bleeding across quintiles of control. All measures were associated with clinically relevant bleeding to some extent: patients with the poorest control had significantly more bleeding events compared with patients with the best control. The measure most strongly associated with bleeding was a combination of percent time in therapeutic range and INR variability (odds ratio of 4.34, comparing the lowest to the highest quintiles of control). The strongest single predictor was INR variability, followed closely by time in therapeutic range. More computationally complex measures, which had been expected to perform better, were not so strongly associated with bleeding. Conclusions-INR variability was the most strongly associated predictor of clinically relevant bleeding followed closely by time in therapeutic range. Using both measures together had an even stronger association. These findings support continued use of INR variability, time in therapeutic range, or both for research and quality assurance efforts.
W arfarin is the most commonly used oral anticoagulant for treatment and prevention of thromboembolic disease and is expected to remain so for the foreseeable future. Although presently there is enthusiasm about the availability of non-vitamin K antagonist oral anticoagulants, working to improve the management of warfarin remains highly relevant because this effort has great potential to benefit many patients. [1] [2] [3] One important issue in this is the question of how best to measure anticoagulation control achieved with warfarin as valid control measures are a necessary precondition to quality improvement activity. 4 Warfarin control is best understood as an intermediate outcome of care, in that control has been correlated with definitive outcomes, such as hemorrhage and stroke. [5] [6] [7] [8] [9] [10] [11] Intermediate outcomes of care are useful for quality assurance and research efforts because they can be assessed with smaller samples and briefer follow-up than are often needed to confidently assess rates of definitive outcomes. 12, 13 Using the most predictive intermediate outcome will ensure that efforts to improve performance on intermediate outcomes can achieve the maximum possible benefit for patients. Secondarily, if ≥2 intermediate outcome measures have a similar ability to predict definitive outcomes, the one that is easiest to calculate and understand would be preferred. 12, 13 Presently, the most commonly used summary measure of international normalized ratio (INR) control for research and quality assurance is percent time in therapeutic range (TTR). [5] [6] [7] [8] [9] [10] [11] 14 In particular, we are referring to individual TTR, which is more tightly linked to outcomes than center-level TTR, as we have shown. 15 In addition to TTR, at least 1 other measure of control has been linked to definitive outcomes: INR variability. 16, 17 Studies on which of these 2 measures is more predictive of complications are divided with one study suggesting that INR variability is more predictive of complications, 18 another suggesting that TTR is more predictive, 10 and still another suggesting that they are similarly predictive. 6 Nevertheless, studies that have examined predictive ability have found that TTR and INR variability provide complementary information, such that their use together predicts complication events better than either one alone. 6, 10 There are other measures to summarize INR control that have not been formally compared with the measures in current use. Some of these measures, such as the proportion of INR values in range, have the advantage of being simpler to compute and understand; however, no study to our knowledge has evaluated whether simpler measures are as strongly associated with outcomes as TTR or other more commonly used measures. 12, 13 Conversely, measures of INR control more complex than those currently in use (eg, area under the curve [AUC] above target range, squared) may have better predictive ability, but those comparisons have not been examined either. Nevertheless, if a simpler measure could provide similar predictive ability, its use would be preferred. Therefore, the objective of this study is to compare systematically a roster of widely used and novel summary INR control measures across a range of computational complexity. Our goal was to identify the measure that is most closely correlated with a definitive outcome (clinically relevant bleeding) and, in the event that 2 measures are similarly correlated, to recommend the use of the one that is the simplest to compute and most straightforward to interpret.
Methods

Study Design and Setting
This was an observational, methodological study that used a nested case-control study design. It incorporated data from Kaiser Permanente Colorado (KPCO) administrative databases, including demographic, membership, inpatient and outpatient diagnoses and procedures, outpatient pharmacy, and laboratory measurement data. Manual electronic health record review was used to validate warfarinrelated complications as described below.
KPCO provides integrated healthcare services to covered enrollees in the Denver-Boulder metropolitan area. All KPCO patients receiving warfarin therapy are managed by a comprehensive centralized Clinical Pharmacy Anticoagulation and Anemia Service. 19 Details of Clinical Pharmacy Anticoagulation and Anemia Service activities are recorded in the patient's electronic health record and in a state-of-theart electronic anticoagulant database, DAWN-AC (4S-Systems Ltd, Cumbria, United Kingdom).
Data extraction and creation of the deidentified study data set was performed at KPCO, whereas data analyses were performed at Boston Children's Hospital. All aspects of the study were reviewed and approved by the KPCO institutional review board. Subject informed consent was waived as this was a data-only, retrospective study. The 
Study Patients
Patients aged ≥18 years who were receiving chronic warfarin anticoagulation therapy for atrial fibrillation (AF) between January 2006 and December 2009 with a target INR range of 2.0 to 3.0 were included. Patients had at least 180 consecutive days of KPCO membership and 90 days of warfarin therapy before study inclusion; thus, all patients were prevalent users of warfarin. Patients who became pregnant at any time during the study time frame were excluded.
Cases were identified using prespecified International Classification of Diseases Ninth Edition discharge diagnostic codes (codes available on request) for warfarin-related complications. Cases also met the following criteria: (1) at least 2 INR measurements during the 90 days preceding the date of the warfarin-related complication (case index date); (2) at least 1 INR measured 90 to 146 days before the index date (preindex anchor INR); and (3) no <3 but no >56 days between successive INR measurements. These criteria were intended to improve the accuracy of summary INR control measures (mainly TTR). 6, 20 Our outcome of interest was clinically relevant bleeding, defined as a bleeding event resulting in hospitalization or emergency department visit or documentation of a fatal event directly attributable to bleeding. Two expert reviewers using a standardized abstraction form confirmed all events through independent review of a patient's electronic health record with disagreements resolved by a third reviewer. Fatal events directly attributable to bleeding or thromboembolism were validated through electronic health record or death certificate review.
Controls were those patients at risk of a warfarin-related complication (ie, receiving warfarin) on a control index date corresponding to the midpoint of the study observation interval (ie, July 1, 2007) . Control patients had not experienced any warfarin-related complications as of the study end date. Controls also met the following criteria: (1) at least 2 INR measurements during the 90 days preceding the control index date; (2) at least 1 INR measured 90 to 146 days before the control index date (preindex anchor INR); (3) no <3 but no >56 days between successive INR measurements; and (4) at least 1 INR measured during the 56 days after the control index date (postindex anchor).
Cases were matched ≤5 controls on CHADS 2 score 21 and sex using the greedy method. 22 Briefly, the greedy method determines a distance value between all cases and potential controls based on the matching variables, randomly sorts cases and controls, matches the first case to the closest (ie, shortest distance) control, and then moves to the next case and matches it to the closest control. 21 A control could be matched to only 1 case.
Study Variables
Along with INR measurements, the following information was compiled for all study patients: (1) age as of respective index date, (2) sex, (3) length of warfarin therapy before respective index date, (4) concomitant nonsteroidal anti-inflammatory drug or antiplatelet use, and (5) history of the following during the 180 days before respective index date: (a) hypertension, (b) diabetes mellitus, (c) stroke/transient ischemic attack, (d) heart failure, (e) renal dysfunction, (f) hepatic dysfunction, (g) alcohol abuse, and (h) previous bleeding/anemia.
The dependent variable was warfarin-related, clinically relevant bleeding. The independent variables were summary 180-day INR control measures (with an in-range INR value between 2.0 and 3.0). Measures are listed below from the simplest to most complex in calculation and interpretation. Each measure is listed with a citation for its previous use (when it exists) plus a brief rationale for why it would be expected to predict complications. 12 We do not discuss measures specifically designed to predict thrombosis here as bleeding is our outcome; however, any measure of time spent above the therapeutic range would have an analogous measure for low INR.
Proportion of INR values in range:
Calculated by dividing the count of in-therapeutic range INRs by the total count of INRs measured. This measure has been used by sites with limited resources for basic quality assurance purposes 23 but has not been tested in regard to its ability to predict definitive outcomes. 12 Rationale: Patients with more INR values in range, and thus, fewer values out-of-range, are less likely to experience a warfarin-related complication.
INR variability. Calculated as the SD around the mean INR val-
ue. There are several subtly different versions of INR variability in use. 6 We used the method described by Fihn et al. 16 Rationale: Patients whose INR results have the greatest variability will experience rapid swings in their degree of anticoagulation, which may predispose to complications. 3. Percent TTR. Calculated using linear interpolation to assign an INR value to all time points between 2 INR measurements and computing the proportion of time that fell inside the therapeutic range (often referred to as the Rosendaal method). 20 This is a widely used summary measure of control. 5, 6, 10 Rationale: Similar rationale to proportion of values in range but corrects for an artifact, namely that INR values may be checked more often when the INR is out of range, thus reducing the proportion of values in range. By using a denominator of time, this artifact does not corrupt the measurement of anticoagulation control.
TTR and INR variability. Included as simultaneous predictors
to provide complementary information with 2 predictors in the model, rather than just 1. 6,10 Rationale: Because TTR and INR variability capture separate dimensions of good control, it is likely that using the 2 together captures more information than either alone. 5. Percent time above range. Calculated using similar methods to TTR 18 except that the measurement is assigned according to the proportion of time with INR >3.0. This measure would be expected to be more closely related to risk of bleeding than TTR because although time spent below range affects TTR, it would not be expected to impart a higher risk for bleeding. Another study 6 has examined this measure. Rationale: Although time spent in range is related to complications, specifically quantifying time spent above range may be more predictive of the specific outcome of bleeding (conversely, time below range may better predict thrombosis). Time spent in range means that the time is not spent out of range. TTR implicitly assumes that time out of range is evenly balanced between high and low, which may not be the case. 6. Percent time with INR >4.0. Calculated using similar methods to TTR 18 except that it encompasses time spent with an INR >4.0. This measure would be expected to be a better predictor of bleeding still because although INR values between 3 and 4 increase the risk of bleeding slightly, it may be that INRs >4.0 increase the risk of bleeding more substantially. Variation: We also examined percent time above 3.5. Rationale: Time spent with INR extremely high may be more predictive of bleeding than time spent with INR only mildly elevated. 7. AUC above target range. Calculated using the standard method for evaluating the area under a curve. 24 This measure is predicated on the risk of bleeding being a function of how far above range the patient was and for how long. INR values are top coded at 10; further deviation above the target range is not considered beyond 10. This measure was developed for this study and has not been studied previously. Rationale: This measure closely parallels the general thinking that risk for bleeding is a function not only of how far outside range the patient is but also how long he/she remains in outside range. 8. AUC above target range, squared. Calculated similarly to AUC above target range except that the magnitude of deviation out of range is squared. This measure was developed for this study and has not been studied previously. Rationale: This measure may improve predictions by accounting for more extreme deviations from the target range (eg, INR≥6) that could increase the risk of bleeding much more than mild deviations (eg, an INR of 3.1). Using this measure, an INR deviation of 3 U (ie, an INR value of 6.0) would be translated into a factor of 9; 4 U into 16, and so forth to amplify the effect of the deviation. Variation: We also examined AUC above 2.0, as opposed to above 3.0. Because a number <1, when squared actually becomes smaller (not larger), we adjusted this measure, so that deviations above the target range would begin to get larger immediately.
Rationale: This approach has the conceptual underpinning of measure of AUC above target range, but it further incorporates the idea that increased risk of bleeding with higher and higher INR values is not a linear function. The actual shape of this function has not been quantified by previous research, but here, we assume that it is quadratic, rather than linear.
Statistical Analysis
Key demographic characteristics and summary measures of INR control for cases and matched controls are reported as mean and SD or percentage as appropriate. Cases and controls were compared on continuous measures (eg, age and length of warfarin treatment) using conditional logistic regression to account for the matched design. We used Monte Carlo permutations with 1000 repetitions to test the significance of between-group differences on categorical variables. Each summary INR control measure was categorized by quintiles (ie, highest, high, medium, low, and lowest). Correlation matrices were calculated among raw measure values and quintile values for measures with meaningful sample sizes. We fit a conditional logistic regression model with clinically relevant bleeding as the outcome and reported results as odds ratios with 95% confidence intervals relative to the highest quintile of INR control. An ideal measure would demonstrate statistically significant odds ratios across the lowest, low, medium, and high quintiles compared with the highest quintile. Statistical analysis was performed using the R Statistical Package (version 3.1.0). The statistical program used to calculate measures described in this article is publicly available at https://github.com/anticoagulation/warfarin/ blob/master/R/inrfunctions.r. Some computations are also available using the OpenCPU computational platform: https://public.opencpu. org/ocpu/github/anticoagulation/warfarin/www/.
Results
Baseline Characteristics
A total of 125 cases were matched to 551 controls (Figures 1  and 2 ). Unmatched controls had statistically significantly lower mean CHADS 2 score and age than matched controls. Matched patients were predominantly older, with most over age 70 (Table 1) . Approximately one-half of patients were women, and patients had a moderate level of comorbid illness and risk for stroke based on CHADS 2 score. Because of the matched design, age, sex, CHADS 2 score, and other measures of comorbidity were broadly similar between cases (who experienced clinically relevant bleeding) and controls (who did not experience clinically relevant bleeding), although some differences did attain statistical significance. Control patients had better INR control than case patients on every index we measured. Bleeding events were primarily gastrointestinal and epistaxis bleeds. As noted earlier, no patient experienced a thromboembolic event during the study.
Concordance Among Summary Measures
Correlation between measures ranged from a low of 0.38 (TTR and AUC above range; TTR and AUC above range squared) to a high of 0.99 (AUC above range and AUC above range squared; Table 2 ). Log INR variability correlated relatively weakly with raw TTR (r=0.42), suggesting that it somewhat measures separate constructs. AUC measures correlated fairly strongly with log INR variability, suggesting that they may blend aspects of this measure. Proportion of INRs in range was strongly correlated with TTR, indicating similar measurement properties.
Ability of Summary Measures to Predict Clinically Relevant Bleeding
All summary measures were predictive of bleeding events (Table 3) . For every measure, the lowest control quintile and, in almost every case, the second-lowest quintile had higher rates of bleeding than the highest quintile (Table 4 ). Differences between the medium, high, and highest control quintiles were not statistically significant (except for the difference between the medium and highest quintiles of percent time with INR >4.0). The most strongly associated measure (as quantified by the largest odds ratio for the lowest control quintile) was the combination of TTR and INR variability. INR variability alone was the next strongest, followed by TTR. The simple measure of proportion of INR values in range was associated with at least a 2-fold increased risk for bleeding in the low and lowest quintiles of control compared with the highest quintile.
Other more complex measures of control did not have strong associations, including percent time far above range (either >4.0 or >3.5, which is not shown), AUC above range, AUC above range squared, and AUC above 2.0, squared (which is not shown).
Discussion
We found that the INR variability summary measure of INR control was most strongly associated with clinically relevant bleeding in our sample of patients receiving warfarin for AF, based on the odds ratio gradient between the lowest and highest quintiles of control. The next strongest associated measure was TTR. An approach using both measures together performed slightly better than either measure alone.
Other measures generally were not as strongly associated, including measures that would seem to capture more directly phenomena that contribute to bleeding risk. For example, we observed relatively poor performance for percent time with INR >4.0, a measure whose rationale is that INR values between 3 and 4 may impart only a trivial risk of bleeding although having a large influence on the TTR value. Our impression is that these measures performed poorly because so few patients in our sample registered any time with an INR >4.0.
Our study suggests that continued reliance on measures currently in widespread use, namely TTR and INR variability, is warranted. Both measures have a long history of strong and consistent associations with clinical outcomes and numerous applications to research and quality improvement. 12, 13 We have also shown, for the first time to our knowledge, that the easiest-to-calculate measure, proportion of INR values in range, is significantly associated with bleeding risk, as well as being strongly correlated with TTR (r=0.85 in our sample). This is an important finding because calculating INR variability and TTR requires statistical software and, thus, may not always be feasible to calculate in most clinical practices. Our results suggest that the proportion of INR values in range is a reasonable INR control summary measure for use in quality improvement efforts in practices unable to calculate INR variability and TTR. In fact, we separately calculated an equation to predict TTR when only the proportion of INR values in range is known, in part to facilitate performance comparisons across sites:
Regression equation: expected TTR=−0.0415+1.0511× (proportion of INR values in range).
Intercept: −0.0415 (−0.0712, −0.0118; P=0.006). Slope: 1.0511 (1.0026, 1.0997; P<0.0001).
Conversely, measures which introduce additional complexity (eg, AUC above target range and AUC above target range, squared) were no more strongly associated with bleeding outcomes than the proportion of INR values in range; thus, their use would seem to be unwarranted.
Limited previous research has attempted to compare multiple measures, and to our knowledge, no previous study has compared the full array of measures examined here. van Leeuwen et al 6 did report that both TTR and INR variability predict warfarin-related complication outcomes among patients with prosthetic heart valves. In that study, the authors found that INR variability was not a statistically significant predictor of bleeding, whereas, TTR was. Also in that study, percent time with INR >4.0 had similar predictive ability to TTR. 6 By comparison, we found that INR variability was a slightly better predictor than TTR. We also found that TTR is more closely associated with bleeding compared with percent time with INR >4.0, in contrast to the study by van Leeuwen et al. 6 Finally, our 2 studies share the finding that INR variability and TTR provide complementary information and together predict events better than either one alone.
A previous study found that TTR was more highly predictive of both bleeding and stroke than was INR variability. 10 In that study, as in ours, the 2 measures together provided additional, complementary information, as evidenced by better prediction than either one alone. 10 Still another study by Lind et al 17 found that INR variability was a much stronger predictor of outcomes than TTR. In that study, the predictive ability of TTR was so slight that it did not meaningfully add to that of INR variability when combined in one model. 17 The results of the study by Lind et al 17 are at odds with those of the other past studies 6, 10 and our present study and are difficult to explain. Our results point out a limitation of current clinical guidance in that they do not address measures of INR control other than TTR. For example, the European Society of Cardiology position article recommends that if a TTR of 70% cannot be attained, consideration should be given to using therapies other than a vitamin K antagonist. 25 Our results suggest that judging the adequacy of vitamin K antagonist therapy by TTR alone may be insufficient and that other parameters may play a role, such as INR variability.
One noteworthy limitation of our study is that we were unable to examine the ability of any measure to predict thromboembolism. Because thromboembolic complications occurred so infrequently in our study sample, our study focused solely on the use of these measures to predict clinically relevant bleeding. Another limitation is that our study focused specifically on patients treated for AF but not on those treated for other conditions, such as venous thromboembolism or mechanical heart valves. We chose to focus on patients with AF to remove potential bias introduced by combining patients with different indications for warfarin therapy and because patients with AF comprise the majority of patients receiving warfarin in most anticoagulation practices. Finally, our study was conducted in a single health system and may not be generalizable to the entire US population of patients treated for AF.
In conclusion, we examined a full range of summary INR controls in regard to their prediction of clinically relevant bleeding events. We found that 2 widely used measures, TTR and INR variability, performed better than other measures we examined. Combining these 2 measures produced more accurate prediction, although only by a small margin. Although these measures are not the easiest to calculate, our results support the continued use of these metrics, either separately or together, for research and quality assurance efforts because of their predictive abilities and relative ease of interpretation. 
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